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Passive Polarization Converter in SiON Technology
Ton Koster and Paul V. Lambeck, Member, OSA
Abstract—A passive polarization converter has been realized in
silicon oxynitride (SiON) technology. The device is a grating as-
sisted codirectional coupler consisting of segments of asymmetri-
cally etched ridge waveguides. By using a double-masking tech-
nique, the fabrication of the device is tolerant with respect to the
alignment of the required masks. Conversion efficiencies up to 0.98
(TE TM and TM TE) and insertion losses of 3 dB/cm
have been measured. Using 2-D beam propagation method simula-
tions, an observed beat pattern in the converter could be explained
as due to a leaky mode, which is captured in the grating structure.
Index Terms—Design, grating, polarization conversion, SiON.
I. INTRODUCTION
THE existence of two states of polarization propagatingthrough monomodal integrated optical waveguides poses
problems to some integrated optical circuits and is exploited in
others. An example of the former is an add drop multiplexer
[1], of which the peformance must be polarization independent
due to the unknown state of polarization coming out of the
input fiber. An example of the latter is a polarimeter [2], which
is a sensor based on the different sensitivities of modes of both
polarizations to the measurand. If the existence of modes of
both polarizations poses a problem to a given integrated optical
device, there are two ways to eliminate it. One is the realization
of polarization-independent devices [3], thereby posing severe
limitation/requirements to both the design and technology.
Another is the implementation of polarization manipulating
functionalities in the devices, such as a polarization converter
[4], which enables transfer of optical power from one state
of polarization to the other and vice versa. For many devices
exploiting the TE/TM behavior of light, such as the polarimeter,
the polarization converter is an essential basic building block.
Both active [3] and passive [4] converters have been reported
in literature. Here, active refers to the use of physical cross ef-
fects for inducing the grating that is needed for obtaining polar-
ization conversion. Active converters have the advantage that
the amount of conversion can be controlled by changing the
driving power, while in the optoacoustic case, also the grating
period can be adjusted [3]. However, the use of most of the ac-
tive converters reported up to now [3], [5] is limited by the need
for (expensive) materials, which should show physical cross ef-
fects (such as electrooptical or acoustooptical) and should have
a crystal structure with a symmetry that permits coupling be-
tween both types of polarization. In the case of acoustooptical
devices, an additional drawback is the use of high-frequency
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control electronics [3], which limits low-cost commercial appli-
cation of these devices. Contrary to active converters, in passive
converters there are fewer restrictions with respect to the mate-
rials used and, in general, a much simpler fabrication technology
is possible. If required by the application, wavelength tunability
can be added using the thermooptical effect [6], [7] which, as
opposed to the electro- and acoustooptical effect, does not re-
quire any expensive material or technology.
In 1990, the first paper on a passive polarization converter was
published by Shani et al. [4]. Since then, various groups have
published results about passive polarization converters based
mainly on two different principles. One uses waveguides with
strongly hybrid modes in order to obtain polarization conversion
without using periodic structures. For example, the converters
in [8], [9]. The other principle implies the use of asymmetrical
grating structures in grating assisted couplers such as reported
in [10] and [11]. The converter presented here is based on such
a grating structure.
In this paper, we present a passive converter realized in Sil-
icon Oxynitride (SiON)technology. The waveguide system con-
sists of a high-index core layer in between two low index
layers. In this layer system, the ridge-type channel modes
are nearly similar to slab modes, insofar that they show very
small nondominant field components. Hence, converters based
on strongly hybrid modes cannot be implemented in this ma-
terial system, and grating type polarization structures have to
be used. The converter reported here is the first realization [12]
of a converter based on segments of asymmetrical etched ridge
waveguides, as proposed by [13]. The structure has been de-
signed in order to minimize the effect of technological uncer-
tainties on the conversion wavelength. Furthermore, by using a
double-masking technique, the fabrication can be made very tol-
erant with respect to the alignment of the converter mask to the
waveguide mask. The device shows a narrow-band wavelength
response, offering the possibility of implementing it as a wave-
length filter in devices such as add-drop multiplexers.
In Section II, the structure and principle of the converter are
explained. After a brief discussion of the device fabrication in
Section III, experimental results are presented in Section IV.
In Section V, the obtained experimental results are compared
to results obtained in literature. Also, possible applications of
the converter are shortly discussed. In Section VI, a summary is
given.
II. STRUCTURE AND DESIGN
In this section, the device principle will be briefly discussed
and the designing process, in which a tolerance analysis of the
converter plays a main part, is presented. Due to the specific
application, which in our case is an integrated optical sensor of
0733–8724/01$10.00 ©2001 IEEE
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Fig. 1. A top view and cross sections of the polarization converter.
specific type [14], the converter presented here is designed for a
wavelength of 655 nm. However, the design methodology, based
on an optimization with respect to device reproducibility, can be
generally applied for every operation wavelength.
The converter is a codirectional grating assisted coupler con-
sisting of segments of asymmetrical etched ridge waveguides,
as shown in Fig. 1. Due to the induced asymmetry, there is a
slight tilt of the optical birefringence axis with respect to the
symmetrical layer system. As a result, there is a nonzero field
overlap between the TE and TM fields in adjacent grating seg-
ments. At each transition between adjacent segments, the polar-
ization angle is slightly rotated for the resonance wavelength
given by
(1)
Here, is the grating period and and are the effective
indexes of the TE and TM channel mode, respectively. It should
be noted that (1) is exact, as in our case both grating segments
are each others’ mirror image with respect to the center of the
ridge waveguide, so the TE mode in both segments, just as the
TM modes, have the same effective index.
The layer stack in which the converter is realized is shown
in Fig. 1; it consists of a high index core layer in be-
tween two layers. This layer stack was chosen because of
the intended application circuits in which the converter should
be incorporated. However, the presented layer stack also has
additional advantages for the converter. First, these layers can
be grown/deposited very accurately with respect to their refrac-
tive indexes and to the thickness of the layer, thereby in-
creasing the reproducibility of the converter. Second, using this
high refractive index contrast layer system, a large difference
between the effective indexes of the TE and TM mode is ob-
tained, resulting in grating periods of acceptable length.
There are several boundary conditions to the design. First,
the converter should be mono modal, allowing only the lowest
order TE and TM to propagate through the structure. For the
given operation wavelength and layer stack, this limits the core
layer thickness to a maximum of 250 nm, as can be calculated by
the mono modal condition , with the normalized core
thickness [15]. Using the effective index method (EIM) and ig-
noring the asymmetry in a first stage, the monomodal condition
in the lateral direction can be expressed as
(2)
with the effective index of the slab modes for TE or TM for
a core thickness , ridge height , and ridge width . Second,
the coupling to radiation modes must be absent for first-order
coupling, which puts a lower limit to the allowed grating period
,
(3)
with the refractive index of the layer. Third, the
converter should be fabrication tolerant regarding its resonance
wavelength and the coupling strength, i.e., the design has to take
technological uncertainties into account.
Most important is the control of the resonance wavelength
which is a function of the effective index difference between the
TE and TM mode. Using the EIM, it can easily be shown that
the effective indexes of the TE and TM channel modes, lie
in the interval
(4)
where stands for TE or TM; here the higher order terms in the
Taylor expansion have been neglected. The superscript again
refers to the slab modes in a core layer with thickness , and
refers to the channel modes of the ridge waveguide.
As there is a high contrast layer system in the vertical direc-
tion, the ridge height has to be very small (0–2 nm combined
with a ridge width in between 2 and m) in order to ob-
tain a monomodal system, and, hence, the range in which the
effective index difference lies is very narrow. From (4), it can
be noted that if , should
be independent of within the validity of our approximations.
Now, we will investigate the influence of on
. In the EIM, the asymmetry manifests itself in the nor-
malized -parameter of the equivalent slab guides in the lateral
direction. Because of the small lateral effective index contrast,
this -parameter is in good approximation identical for the TE
and TM slab guides,
(5)
The influence of on is generally much smaller
than the influence of on , especially in the case of
a large asymmetry parameter which, as will be seen later
on, is the case with the presented converter.
Regarding all geometrical parameters, it can be concluded
that the effective index difference, and, hence, the resonance
wavelength, is mainly dependent on the core layer thickness.
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TABLE I
TECHNOLOGICAL PARAMETERS AND THE TECHNOLOGICAL
UNCERTAINTIES THEREIN
The design of the converter should aim at minimizing the effect
of variations in on , in that way in the same time
minimizing the effects of uncertainties in and .
The effect of technological uncertainties on the coupling
strength cannot be as easily analyzed as their effect on the
resonance wavelength, because it requires the (full vectorial)
calculation of overlap integrals between adjacent segments. It
is clear that the overlap will become strongly dependent on
the asymmetry, as was also found by preliminary experiments.
In the design study, we will vary within the range of 5–20
nm. With such values, it was experimentally found that
acceptable coupling lengths of the order 10 mm can be obtained
[12].
Now, the influence of the fabrication tolerances on the the
resonance wavelength will be worked out more quantitatively.
For small variations in the device geometry and in the refractive
indexes, the relative shift in the resonance wavelength can be
written as
(6)
where higher-order (cross) terms are neglected. stands for a
layer index or one of the geometrical parameters. In Table I, the
maximum deviations in these parameters are given, using the
technologies available in our laboratory [16]. If the deviations
are relative, as in the case of the geometrical parameters, the
absolute deviations for the final structure are given inbetween
brackets.
As the materials within the layer system are already chosen,
the free parameters in the design are the core thickness
, the small etch step , the deep etch step and the ridge
width . Above, it was already concluded that the resonance
wavelength will be mainly dependent on the core layer thickness
. In Fig. 2, is given as a function of the core
thickness for a three- layer slab system. A core thickness of 137
nm results in the required .
Using a two-dimensional (2–D) mode solver [17], the influ-
ence of variations in the geometrical parameters on
have been calculated. Using an iterative process for the mini-
mization of , the optimum system appears to correspond
with ( nm, nm, m and nm).
For this system, in Fig. 3, is given as a function of these
parameters.
In each graph in Fig. 3, the effect of a variation of one of the
parameters on , while keeping the others, constant is
shown. Also, the expected maximum deviation in each param-
eter is indicated. As predicted, the influence of variations in
Fig. 2. @N =@d versus the core layer thickness.
Fig. 3. The effect of technological deviations on  = .
is orders of magnitude higher than the influence of variations in
the other parameters. It can be seen that for both the and
values, taken in the designed system, is at a maximum.
As expected, the influence of on can be neglected
with respect to the other terms. This has the consequence that
-parameter can be used as a parameter to tune the coupling
strength without any effective influence on the resonance wave-
length, and hence the grating period required. This implies that,
without altering the photolithographic masks, converters with
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Fig. 4. The double-etch step technique for lowering the tolerances regarding the alignment of the grating mask to the waveguide mask.
different amounts of polarization conversion can be obtained by
varying the etching time for defining only.
Up to now, only the effect of deviations in the geometrical
parameters of the layers have been taken into account. For the
aforementioned waveguide system, the effects of deviations of
the refractive indexes on can be calculated to
be for the cladding layer, 0.32 for the core
layer and for the substrate layer.
Now, the maximum deviation (worst case analysis) in the res-
onance wavelength due to technological fluctuations can be cal-
culated to be
nm (7)
where the largest contribution to this deviation arises from vari-
ations in the cladding refractive index.
The full width half maximum (FWHM) bandwidth of a codi-
rectional grating assisted coupler with a length of 10 mm is ap-
proximately 15 times smaller than 3.8 nm. This implies that for
proper performance, a system with a strongly increased cou-
pling strength, and thereby an increased FWHM, or adjustment
by tuning the resonant wavelength or adjustment of the wave-
length entering the converter is necessary. This is addressed also
in Section IV Section IV of this paper.
III. FABRICATION
The devices are fabricated on 3” silicon wafers. The sub-
strate layer is grown by thermal oxidation of the silicon
wafer, the core layer deposited using low-pressure chemical
vapor deposition (LPCVD) and the cladding layer deposited
using plasma-enhanced chemical vapor deposition (PECVD)
applying the processes as developed in our laboratory [16].
The 1-nm-high ridge was defined using BHF etching (0.55
nm/min), the 15-nm-deep etch step by reactive ion etching
(RIE).
In order to increase the fabrication tolerance with respect to
mask alignment, a double-masking technique [18] was used to
define the deep etch step, see Fig. 4. After definition of the wave-
guide structure, the positive resist was given a heat treatment
in order to make it insensitive to UV exposure, after which a
Fig. 5. Micrograph of the waveguide and grating structure in the photoresist
layers.
second resist layer was spin coated on top of the old layer. Then,
using a mask as shown in Fig. 4, the structure for the deep-etch
step was defined in the second resist layer. Using this double
masking technique, there is an alignment tolerance equal to the
width of the waveguide, here being m. Also, it is guaranteed
that the etch step is only at the sides of the ridge. In Fig. 5, a
micrograph of the converter structure after development of the
second photo resist layer is shown.
IV. EXPERIMENTAL RESULTS
The converters have been characterized using an
argon-pumped (515-nm) dye laser (DCM dye, 620–680
nm, step size 0.03 nm) as shown in Fig. 6. Different wafers with
several converters have been realized in order to investigate
the reproducibility of the converter performance on single
wafers and from wafer to wafer. The converters have been
characterized with respect to the resonance wavelength, their
FWHM, the channel and functional losses, and the coupling
strength.
In Fig. 7, for a device length of 12 mm and nm,
nm, nm, m , the conversion versus
the wavelength is shown. It can be seen that the FWHM of the
conversion peak is small, 0.25 nm. It can further be seen that the
resonance wavelength is not 655 nm, but 657.4 nm. The asym-
metry in the side lobs is caused by a position dependent effec-
tive index difference along the converter. The on-chip spread in
the resonance wavelengths was determined to be smaller than
0.1 nm. By performing measurements at converters on several
samples from different batches, it was found that the resonance
wavelength was 655.3 nm with deviations smaller than 4.3 nm,
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Fig. 6. The experimental setup.
Fig. 7. Typical measured wavelength response of the polarization converter.
i.e., a maximum shift , which corresponds well
to the predicted value nm for the resonance wave-
length.
Next, loss measurements have been performed regarding the
waveguides and the converter. By measuring the scattering on
top of the waveguide with a CCD camera and by performing
an exponential fit on the intensity versus length dependence,
the propagation loss in the waveguide channels was determined
to be dB/cm, for both the TE and the TM mode. By
measuring the output signals of converters with different length,
the functional losses of the converter were determined to be
dB/cm both for TE and TM input light.
Now, with the propagation and functional losses known, the
coupling strength of the converters can be determined. For con-
verters on the same wafer having different lengths, the amount
of polarization conversion was determined. As for the resonance
wavelength the device length and the amount of conversion
are related by [19]
(8)
with ranging from 0 to 1, where 1 corresponds to a 90
polarization rotation, is the converter length and is the
coupling strength. In Fig. 8, for converters with nm,
nm, nm, m , the polarization conver-
sion (for TE and TM input light) is shown as a function of device
length. Complete conversion is obtained at a device length of 12
mm, corresponding to a coupling strength of m .
Fig. 8. Device length versus the polarization conversion PC.
This corresponds to a very small rotation of the polarization
axis of 0.011 at each transition. Devices with an etch step of
8 nm showed complete conversion for a length of 16 mm, cor-
responding to a coupling strength of m .
Devices with deeper etch steps have been realized in order
to obtain converters with higher coupling strengths. However,
it was found that for these devices the losses increased rapidly
when increasing the depth of the etch step. Experimentally, it
could not be discerned whether this was due to an increased scat-
tering as a result of an increase in the surface roughness or as a
result of an increased mode mismatch, e.g., increased coupling
losses between adjacent segments. However, from BPM simu-
lations no significant increase in the losses at higher values
were found, so, most likely, the experimentally found loss in-
crease has to be ascribed to an increase of the effects of the sur-
face roughness.
The maximum amount of polarization conversion that was
measured was 98% for both TE and TM light launched into
the converter. Taking the FWHM of the converter response and
the line width of the dye laser into account, this is the max-
imum conversion that can be obtained with our experimental
setup. Therefore, as for several samples a conversion of 98%
was measured, the conversion might even be higher for light
with a smaller linewidth.
For the resonance wavelength, nm was found, while
the FWHM was 0.25 nm. Therefore, it is not assured that for
each converter, the desired amount of conversion is achieved
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Fig. 9. Micrograph of the beat pattern (top) and BPM simulation of the same
structure (same scale).
for the desired operation wavelength. Several solutions to this
problem can be considered. The first is to make the coupling
strength stronger, resulting in a widening of the FWHM ap-
proximately inversely proportional to . However, in order to
increase , the asymmetry has to be increased, which was ex-
perimentally shown to have the drawback of a strong increase
of the functional losses. A second solution would be the use
of a broad-band lightsource centered around having a spec-
tral output wider than 8.6 nm, combined with a filter that can be
tuned to the resonance wavelength of the polarization converter,
or, even better, to the wavelength where the conversion shows
its intended value. Alternatively, a tunable lightsource could be
applied. The third option, which is currently being investigated,
is thermally tuning the resonance wavelength of the converter
itself. Preliminary calculations show that within a temperature
range of approximately 70 C of the heater electrode, a tuning
range of 10 nm can be covered. A more quantitative analysis
of the thermally tuned polarization converter will be given else-
where [7].
When launching TM polarized light into the converter and
looking on top of the structure with a microscope, a beat pat-
tern with a period of m could be observed, see Fig. 9.
This beat pattern corresponds to an effective index difference of
0.01 between the two beating modes. This beating was present
not only for the resonance wavelength, but also for other wave-
lengths ranging from 620 to 680 nm, with a variation in the beat
period of about m, so it is not specifically related to the po-
larization conversion process. A 2-D BPM simulation, using the
EIM, of the converter structure showed a similar beat pattern
with much the same period of m over a wavelength
range 620–680 nm. For TE polarized light similar results were
obtained. The simulation showed a fringe visibility of 0.08 be-
tween the modes, indicating a weak coupling of the zeroth-order
(TM) mode to another mode. As the beating is not only present
for the resonance wavelength of the converter, the beating must
be between two different TM modes. The question arises as to
which other mode is involved in the beat pattern.
The effective index difference between both modes is 0.01,
so as the of the mode is 1.60, the effective index
of the other mode must be 1.59. As the channel structure is
mono modal, the second mode cannot be another channel mode.
Therefore, the beat pattern must be between the lowest order
TM mode and a leaky (radiation) mode in the lateral direction.
Because the effective index of the zeroth-order mode in a slab
waveguide with a thickness of 136 nm (i.e., the slab region de-
fined by the – ridge step) is 1.5995 and in a slab waveguide
TABLE II
COMPARISON OF THE CONVERTER PRESENTED HERE WITH CONVERTERS
KNOWN FROM LITERATURE
with a thickness of 122 nm (i.e., the slab region defined by the
– deep etch step) 1.5775, the unknown radiation mode may
be a radiation mode launched into the 136-nm-thick slabguide
fragments, its propagation direction deviating approximately 6
from the channel axis. The BPM simulations also show that the
propagation losses increase rapidly with increasing grating pe-
riod, which supports the idea of the existence of a radiation
mode: for larger grating periods the radiation, generated at a
certain transition is more distanced from the channel axis at the
next transition, so at this transition the modal overlap with the
guided mode decreases and less power is coupled back to the
guided mode. Another indication pointing toward coupling with
radiation modes is the following: calculations using a full vec-
torial mode solver [20] showed that the absolute square of the
field-overlap integral of TM modes in adjacent grating segments
is low, namely 0.6 only. Therefore, if the radiation modes should
not couple back to the guided mode, the functional losses would
be dB/cm. Since the functional losses while propagating
through a structure with 1500 periods are 3 dB only, most of the
energy transferred to the radiation modes must be coupled back
to the guided channel mode. One can wonder whether this ra-
diation mode might be involved in the polarization conversion
process in the same way as the higher-order mode was in
the systems, reported in [21]. However, because both the wave-
length and device length dependence of the conversion corre-
spond completely to the model of a simple codirectional grating
assisted coupling between two guided modes, we expect only
the zeroth-order TE and TM mode to be involved in the conver-
sion process.
V. DISCUSSION
In Table II, the converter presented here is compared with
other passive converters known from literature.
From this table, the following observations can be made:
• The converter presented in [11] showed a slightly higher
conversion for a longer length (18 mm), and the functional
losses are lower due to graded index profiles obtained by
using ion exchange technology instead of etching tech-
niques. Similar to our converter, the realization of this
structure is also simple.
• Compared to the structure in [22], our structure shows
a higher conversion, lower losses and is technologically
simpler. However, the structure in [22] is much shorter
mm as, due to the high refractive index contrast, the
coupling can be made much stronger, also resulting into a
much larger FWHM value.
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• The converter presented in [8] showed a conversion of
93% for the very short length of 0.25 mm (converter losses
were not mentioned) and could be realized in a single step.
However, for this type of converter, a strongly hybrid char-
acter of the propagating modes is required. Also, for fil-
tering applications this converter is not suited as the wave-
length dependence is low.
The type of converter best suited for a specific application de-
pends strongly on the required complexity of the optical cir-
cuitry and the tolerance with respect to optical losses. If the
converters have to be implemented in a complicated optical cir-
cuit and high losses and costs are tolerable, InP devices are fa-
vored, as due to the high-index contrast not only small con-
verters are obtained, but also small bending radii are feasible,
thereby allowing for a large optical functionality per square mm.
If the converters have to be implemented in simple low-func-
tionality circuits where large bending radii are tolerable and
if low losses are required, the converters fabricated in ion ex-
changed glass technology are most promising. The SiON type
converter presented here is most suited for moderately compli-
cated circuits with moderate demands regarding losses, i.e., the
“middle-of-the-road” type of device, as SiON technology com-
bines the possibility of relatively small bending radii with mod-
erately low losses.
Our passive converter is based on a geometrically induced
asymmetrical perturbation of the waveguide cross sections.
For the realization of these perturbations, no specific crystal
structure is required, so this type of converter can be im-
plemented into every material system. Tailoring the design
to the technological tolerances results into small maximum
deviations of the resonance wavelength from its design value,
allowing for matching both values by thermooptical tuning.
The small FWHM of the conversion versus wavelength makes
it an interesting option as a wavelength selective component
in filtering applications, especially in combination with the
thermal tuning ability of a slightly modified device; the tuning
range being about 10 nm [7].
Passive polarization converters can be applied in either in-
tegrated optical sensors or in telecommunication circuits. Cur-
rently, in our laboratory the converter has been successfully im-
plemented in several integrated optical sensing platforms, such
as a fully integrated optical polarimeter [14] and a differential
absorption sensor [23]. In these circuits, the converters are used
for partial conversion of a launched TE mode into a TM-polar-
ized mode and also for obtaining the interference of TE- and
TM-polarized zeroth order modes. In both sensing systems, the
converter acts like wavelength specific wave plates.
Due to the wavelength dependence of the conversion, in
principle, the polarization converter can also be used as a
wavelength selective component in telecommunication circuits.
Using our polarization converter with a thermooptical tuning
facility [7], the add–drop multiplexer (ADM) described in
[3] can be realized in a technologically simpler and cheaper
way. The specific application of these ADMs depends on the
width of the conversion response, which is related to the device
length. In our converter, with a coupling length of 12 mm,
around 1550 nm minimum channel separations of 2 to 3 nm
are feasible, excluding its applicability in ADMs for dense
wavelength multiplexing. However, it is useful in applications
in which the channel spacing is wider, for example, in local
area networks (LAN) [24], where channel spacings up to 10 nm
are used. Also in high speed systems where the channel spacing
is relatively wide, an ADM based on the presented converter
should be an option, provided that a flat band response can be
obtained for the add and drop channel [25]. This is expected to
be feasible by introducing apodization and a phase shift in the
grating [26].
VI. SUMMARY
A passive asymmetrical grating-based
–polarization converter in SiON technology has been devel-
oped. An analysis of the system is given, in which much atten-
tion has been paid to minimizing the effects of technological
uncertainties in the fabrication process, which may degrade the
system performance. Based on this analysis, the physical layout
of the converter has been defined. By using a double-masking
technique, the fabrication of the device is very tolerant with
respect to the alignment of the grating mask to the waveguide
mask. Several converters have been realized, on different
wafers and in different batches. The experimentally determined
resonance wavelength was nm, matching well the
theoretically predicted value of nm. The on-chip
variation in the resonance wavelength was smaller than 0.1
nm. The device losses of the converter are dB/cm for
both TE and TM polarization. Ninety-eight percent conversion
has been obtained for a converter with a length of 12 mm. An
experimentally observed beat pattern in the converter could be
explained (using 2-D BPM simulations) as being due to a leaky
mode, which is captured in the grating structure. The converter
has already been successfully applied in two types of sensors.
Also, due to the narrow wavelength response, the converter
offers the potential of implementation as a wavelength selective
element in ADM’s.
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